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Abstract: A laboratory-scale chamber is convenient for combustion scenarios in the practical analysis
of industrial explosions and devices such as internal combustion engines. The safety risks in haz-
ardous areas can be assessed and managed during accidents. Increased hydrogen usage in renewable
energy production requires increased attention to the safety issues since hydrogen produces higher
explosion overpressures and flame speed and can cause more damage than methane or propane.
This paper reports numerical simulation of turbulent hydrogen combustion and flame propagation
in the University of Sydney's small-scale combustion chamber. It is used for the investigation of
turbulent premixed propagating flame interaction with several solid obstacles. Obstructions in the
direction of flow cause a complex flame front interaction with the turbulence generated ahead of
it. For numerical analysis, OpenFOAM CFD software was chosen, and a custom-built turbulent
combustion solver based on the progress variable model—flameFoam—was used. Numerical results
for validation purposes show that the pressure behaviour and flame propagation obtained using
RANS and TFC models were well reproduced. The interaction between larger-scale flow features and
flame dynamics was obtained corresponding to the experimental or mode detailed LES modelling
results from the literature. The analysis revealed that as the propagating flame reached and interacted
with obstacles and the recirculation wake was created behind solid obstacles, leaving traces of an
unburned mixture. The expansion of flames due to narrow vents generates turbulent eddies, which
cause wrinkling of the flame front.

Keywords: flow structures; turbulent flame propagation; hydrogen combustion; computational fluid
dynamics (CFD); industrial safety

1. Introduction

There is an increasing range of investigated future applications of hydrogen with the
increasing focus on sustainable energy [1]. Hydrogen is sought to replace hydrocarbons
as a sustainable energy carrier [2], and hydrogen-powered vehicles are being actively
developed and tested [3,4].

Increasing the use of hydrogen necessitates managing the risks it poses. If hydrogen
was to leak in a confined or semi-confined environment, it would form a combustible mix-
ture with air. Depending on the conditions, this mixture could pose explosive combustion
or even detonation risk. Hydrogen produces higher explosion overpressures, flame speed
and can cause more damage than methane or propane.

In the worst-case scenario, a large premixed cloud of the combustible hydrogen–air
mixture would form in the confined volume. The flame would propagate in this cloud from
the ignition point. Interaction of flame and induced flow with the structural elements and
other obstacles would result in turbulence generation. Interaction between the turbulence
and flame could accelerate the latter, creating pressure shocks.

Premixed turbulent combustion problem is difficult due to complex interactions
between fluid dynamics, mass/heat transport and chemistry. There are still unknowns
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in understanding the mechanisms of premixed turbulent combustion, and the prediction
of the flame propagation velocity remains an unsolved issue, largely because of the issue
of flame–turbulence interaction. The flame–turbulence interaction is responsible for the
burning rate, the rate of pressure increase and achieved overpressure, the geometry of
accelerating flame front and resulting structures in the flow field.

Researchers have studied various configurations in which the flame propagates
through obstacles, inducing turbulence. Turbulence amplification results in fast prop-
agation speeds and intense combustion [5]; therefore, accelerated flames drive pressure
waves with large overpressure [6]. The burning rate grows due to the creation of vortical
structures which stretch the burning surface area, thus increasing it [7].

More obstacles resulting in a higher blockage ratio give rise to more pronounced
turbulence and a faster flame [8]. It can be explained by an increased number of vortical
structures in the flow. The form of the obstruction is also important; sharp geometric edges
induce the formation of vortex and vortex shedding, which result in strong mixing [7].

This paper reports numerical simulation of turbulent hydrogen combustion and flame
propagation in the University of Sydney's vented small-scale combustion chamber. A
laboratory-scale chamber is convenient for combustion simulation at higher resolution,
allowing the study of the interaction between the flame and main flow structures in higher
detail.

The simulations were performed using OpenFOAM and flameFoam—a custom open
source computational fluid dynamics (CFD) solver developed by the authors for the simu-
lation of premixed turbulent combustion in hydrogen–air mixtures. There are simulations
of combustion in vented small-scale chambers published in the literature with turbulence
modelled according to the Large Eddy Simulation (LES) approach [8–12]. Furthermore,
mentioned research papers investigates sensitivity to the ignition source [8], comparison of
mixtures [9,12], analysis of the equivalence ratio effect [11] and different configurations
of baffles [9,10,12]. Most of them show flame front structure. However, there is a lack of
analysis of the interaction of the flame front with obstacles and the resulting larger-scale
flow structures.

LES has a superior predictive capability compared to the unsteady Reynolds-averaged
Navier–Stokes (URANS) approach; however, it is much more computationally demanding.
Therefore, RANS usage is widespread in practical applications, where the computational
cost of LES becomes prohibitive. Even when combustion takes place in large-volume
compartments—for example, containments of nuclear power plants—strong flame accel-
eration cannot be excluded and needs to be treated reliably [13]. However, due to the
simplified turbulence treatment in the URANS case, simulation accuracy can be limited,
and the approach needs to be extensively validated.

Validation motivates comparative numerical research based on the RANS method
connected to turbulent flame propagation experiments. In relation to obstacle-driven
turbulent flame acceleration, the RANS method suitability has been demonstrated in a
number of cases. For example, in several works by different authors [14–17], numerical
simulations of hydrogen flame propagation in a large-scale facility—ENACCEF acceleration
tube—was performed employing URANS, and turbulent flame speed closure approaches
with varying but generally satisfactory accuracy. In [18], URANS based simulations were
used to investigate the deflagration to detonation transition (DDT) process in a channel
with arc obstacles. Tolias et al. [19] investigated and compared LES and URANS models for
medium-scale hydrogen deflagration modelling and came up with many benefits URANS
may have over the LES; for example, URANS models are easier to apply, and they are more
effective.

Up to now, there is a belief that URANS is used for large- or medium-scale exper-
iments and mostly for application/practical or optimisation needs. Nevertheless, there
are researches that suggest it can be not only effective but also accurate in modelling com-
bustion phenomena and predicting flame structure in small-scale facilities. For example,
URANS based simulations were validated and employed to perform a detailed study of



Energies 2021, 14, 5710 3 of 14

interactions between the flame and flow in a duct with obstacles [20]. Another recent
work, [21], validated and used the URANS approach to study the mechanism behind
DDT in hydrogen–air mixtures in a channel with obstacles. In [22], a need for partial
flame-quenching model inclusion into the URANS-based application-oriented modelling
of accelerating H2–CO–air flames in obstructed channels was evaluated based on DNS
and experimental data. A recent review of CFD application in process safety [23] also
lists a number of URANS method applications for combustion cases, including interacting
with obstacles.

Satisfactory validation cases of flame–obstacle interactions present in mentioned and
other works encourage the further application of the URANS approach to practical and
analytical studies. However, given turbulence treatment simplifications present in RANS,
the universality of validation results can be questioned. Furthermore, turbulence–flame
interaction, responsible for the flame acceleration in the URANS case, is often modelled by
parametrising turbulent burning velocity on computed turbulence parameters, increasing
accuracy demand on turbulence simulation. Therefore, to maintain a level of confidence in
the methodology, validation in each specific case should be sought.

Simulation of small case chamber using URANS approach allows checking if the
obtained results are comparable not only to the experiment but to the LES approach as well.
At the same time, since larger flow structures can be resolved in the RANS case as well,
and interaction of small-scale turbulence and flame is parametrised through a combustion
model; successful analysis of such case still allows studying the interaction of the flame
front with obstacles and the resulting larger-scale flow structures and flame acceleration
due to turbulence.

2. Methodology
2.1. The Laboratory-Scale Chamber

The experimental test case from the University of Sydney is used here for an analysis of
turbulent hydrogen combustion. The schematic diagram of the laboratory-scale combustion
chamber is shown in Figure 1. The chamber measures 50 × 50 × 250 mm with a total
volume of 0.625 litres. The chamber is equipped with three rows of baffles with five 3 mm
thick and 4 mm wide strips separated by 5 mm gaps which give an area blockage of 0.4.
Each row of baffles is placed at 19 mm, 49 mm and 79 mm from the ignition source at the
base of the chamber. The small solid obstacle has a square cross-section of 12 × 12 mm and
is placed at 96 mm from the base of the chamber [9].

Hydrogen and air enter the chamber through a non-return valve at atmospheric
pressure, and the mixture is left to settle before the ignition. A moment before ignition, the
flap at the top of the chamber is opened and remains opened during the whole process to
allow venting. In the experiment, the mixture is ignited by focusing an infrared output
from an Nd-YAG laser 2 mm above the base. One of the Keller-type PR21-SR piezo-electric
pressure transducers is placed in the base of the chamber and the other one is located in
the wall, 64 mm from the top.

Flame propagates from the ignition point upwards and is accelerated by the turbulence
induced when flame encounters and interacts with obstacles present in the chamber.
According to the numerical flow velocities, Re number reaches values up to and around
106 in the chamber, while Ret ranges from several hundred to thousands during main
acceleration.
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2.2. flameFoam

Numerical calculations of premixed turbulent flame propagating past repeated ob-
structions were performed using a custom-built solver—flameFoam—built using Open-
FOAM toolkit. Solver is partially based on buoyantPimpleFoam, rhoPimpleFoam cht-
MultiRegionFoam solvers. OpenFOAM does not have any solver based on a progress
variable and turbulent flame-speed closure approaches. flameFoam is publicly hosted on
https://github.com/flameFoam/flameFoam (accessed on 4 September 2021). The govern-
ing equations are compressible Navier–Stokes equations. Solved conservation equations
for mass, momentum and energy are as follows:
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where ρ—density, t—time, U—velocity, τe f f —shear stress, p—pressure, g—gravitational ac-
celeration, h—enthalpy, K—kinetic energy, αe f f —effective thermal diffusivity, Sh—enthalpy
source, Sc—combustion source.

Combustion in the solver is modelled using a transport equation for the progress
variable (Equation (4)) and the turbulent flame-speed closure (TFC) approach [24]. TFC is
a simplified (compared to chemistry simulation) method with the source term expressed
through the turbulent flame speed St (Equation (5)), suitable and extensively used for
practice-oriented simulations and research where this method has been demonstrated to be
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appropriate. The turbulent flame speed St is usually estimated using empirical or analytical
correlations with turbulence parameters or using a more complex approach.

∂ρc
∂t

+ ∆·
(

ρ
→
Uc

)
= ∇·

(
µE f f

ScT
∇c

)
+ Sc, (4)

Sc = ρuST |∇c|, (5)

where c—progress variable, µe f f —effective dynamic viscosity, ScT—turbulent Schmidt
number.

Modelling using RANS and TFC approaches has been validated in the literature for a
number of different cases—flame interaction with obstacle-induced turbulence [14–17,25,26],
fan-stirred explosion bomb [27], slow deflagrations [28], upwards hydrogen flame propaga-
tion in larger closed volume [29], combustion in pipelines [30] and fan-stirred combustion
vessel [31].

The progress variable is defined as:

c =
YH2

0 −YH2

YH2
0 −YH2

∞
, (6)

where YH2
0 —initial hydrogen mass fraction, YH2 —hydrogen mass fraction, YH2

∞ —assumed
final hydrogen mass fraction.

Progress variable can have values from the interval 0≤ c≤ 1; value 0 denotes unburnt
mixture, while value 1—burned mixture.

Turbulent flame speed was evaluated using Bradley correlation [32]

ST = u′0.88(Ka Le)−0.3, (7)

where u′—RMS velocity, Ka—Karlovitz stretch factor, Le—Lewis number.
Where fluctuating velocity:

u′ =
(

2
3

k
) 1

2
, (8)

where k—turbulent kinetic energy.
Karlovitz stretch factor [32]

Ka = 0.157
(

u′

SL

)2

Re−
1
2

T , (9)

ReT =
u′lBt

ν
, (10)

lB
t =

(
3
2

) 3
2 u′3

ε
, (11)

where SL—laminar flame speed, ReT—turbulent Reynolds number, ν—kinematic viscosity,
lB
t —Bradley turbulent length scale, ε—turbulent dissipation rate.

2.3. Initial and Boundary Conditions

The present study focuses on the hydrogen–air mixture; it constitutes 22.65% of H2
and 77.35% of air. In the experiments, the hydrogen–air mixture is injected and allowed to
rest. Therefore, initial turbulence is considered negligible and initial turbulence parameters
were set as extremely low values (e.g., 0.001 m2/s2 for turbulent kinetic energy). Since the
laminar combustion regime is not modelled, ignition was initiated by imposing an ignition
radius of 0.0055 m at the bottom of the chamber. Initial conditions are selected according
to the experiment; they are shown in Table 1. Model constants are selected according
to literature, while thermophysical properties depending on the initial composition of
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the mixture were calculated using an open-source suite of tools, Cantera [33]. Complete
combustion was assumed, and the final hydrogen mass fraction was set to 0.

Table 1. Initial data.

Pressure p 105 Pa
According to experiment

conditions [8]
Temperature T 293 K

Initial hydrogen volume fraction XH2 0.2265

Laminar flame speed SL0 1.25 m/s Mixture property [9]

Turbulent Schmidt number ScT 0.9
Model constants set by user

Lewis number Le 0.5

The computational domain of the chamber has dimensions of 25 × 50 × 250 mm,
with a symmetrical boundary condition in the x–z plane. While turbulence is inherently
non-symmetric, experimental images do not display significant deviation from symmetric
flame [8]; therefore, this assumption should not significantly distort simulation results. The
chamber domain constitutes 50 × 100 × 500 cells in the x, y and z directions, respectively.
The grid is structured and uniform, giving a grid size of ∆ = 0.5 mm. It is extended to
350 mm in the z direction and to 30 mm in the x and y directions at the top of the facility
to facilitate venting simulation. For the present study configuration, BBBS—three rows
of baffles located starting near the ignition and a small square obstacle after baffles—was
used. The computational domain is presented in Figure 2.
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Turbulence was modelled using k-ω SST model [34]. k-ω-SST is composed of two
zonally blended models—k-ε and k-ω. These two models are dynamically blended during
the simulation since the k-ω model is more suitable for wall-bounded flows and k-ε for
free stream flows. This allows the k-ω SST model to appropriately describe turbulence in
both zones, while the separately used k-ε model would perform worse than k-ω in the
logarithmic region in equilibrium adverse pressure gradient flows. On the other hand, the
standard k-ω model is sensitive to free stream conditions and is not suitable for turbulence
simulation in the region further from the surfaces.

Adiabatic and no-slip boundary conditions were employed on the chamber walls
and obstacles. Boundaries of the expanded upper part above the chamber were consid-
ered as outlets. Standard OpenFOAM boundary conditions for turbulence parameters
at surfaces were used—kqRWallFunction (zero gradient wrapper) for turbulent kinetic
energy, omegaWallFunction for specific turbulent dissipation rate and a wall-function auto-
matically calculating ω with viscous and inertial sublayer expressions depending on y+.
nutkWallFunction was used for eddy viscosity boundary at surfaces, wall functions based
on k and automatically calculating viscous and inertial sublayer expressions depending
on y+. Pressure and temperature were set to room values, and the standard OpenFOAM
outlet condition was used for velocity and turbulence parameters at the outlet boundary.

The time step was automatically adjusted during the simulation run to keep the
Courant number under 0.75. The simulation was performed using the Euler time discreti-
sation scheme, and model equations were discretised using the Gauss linear scheme for
gradients, second-order linear-upwind scheme for velocity, first-/second-order limited
linear for turbulence parameters and second-order Van Leer scheme for scalars.

Two numerical grids have been studied for mesh independence study. Sizes of
the numerical grids were ∆ = 0.001 m and 0.0005 m, having 866,200 and 6,845,200 cells,
respectively. As mentioned before, the ignition radius was 0.0055 m; therefore, pressure
evolution cannot be compared due to discrepancies of discrete ignition area shapes between
meshes. Nevertheless, velocity field distribution and flame front structure are compared in
Figure 3. It is shown that there are no major differences, except that finer mesh gives more
details of the flame structure and flow field distribution. As this numerical investigation is
focused on the combustion–turbulence interaction, the finer mesh is more appropriate for
further research.
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With the finer mesh, during the main part of the simulated transient, y+ values were
kept mostly between 1 and 5 for the bottom wall and 30 and 70 for the side and front walls
and obstacles.
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3. Results
3.1. Comparison with Experimental Results

URANS results presented in this paper are for unsteady turbulent premixed defla-
grating flames propagating past obstructions in a chamber. The result of overpressure
evolution is given in Figure 4, while Figure 5 presents a comparison of numerical and
experimental flame arrival times at different heights.
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The pressure was measured in the centre of the base of the chamber. Experimental
results were extracted from [8]. The simulation was found to be in good agreement with
the experiment. Modelling predicts the first pressure rise at around 3.57 ms, and a pressure
peak at 4.3 ms was captured. Afterwards, the overpressure begins to drop.

The pressure rise is not interrupted in numerical results, contrary to the experiment
at 4 ms. This stagnation of pressure increase is observed around the moment when flame
fingers start to merge behind the small obstacle (at 3.9 ms and 4 ms in Figure 6). Interaction
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of flames and fresh colder gas in the turbulent environment behind the obstacle might
include a high rate of local quenching, which would lower heat production and pressure
increase rate. flameFoam does not support quenching simulation yet, and therefore is not
able to predict a decrease of combustion rate in this situation. The moment of overpressure
peak corresponds to the time just before the flame exits the chamber. This is the moment
after which the rate of combustion in the chamber decreases only due to smaller flame
surface area (flames near the walls catch up with the flame at the centre) and due to
exhaustion of combustible mixture—almost the whole initial mixture has been burnt,
except a few small unburnt pockets. The correspondence of maximum overpressure timing
with flames reaching the compartment exit has also been shown in the literature [35].

Agreement of flame propagation simulation and experimental results (Figure 5) is very
good up to 3.75 ms, which is when interaction with the small obstacle started. Simulations
overpredict flame acceleration caused by this interaction, possibly due to missing local
quenching modelling.

3.2. Study of Flame Propagation

This section’s objective is to illustrate the typical flame behaviour in a vented channel
with repeated obstructions. Figure 6 shows a sequence of images of propagating flame
development at different times. After the first baffle, the flame tends to propagate in
finger-like shapes. Laminar-like fingers correspond to experimental works of Alharbi
et al. [36] and Masri et al. [37], where some LIF-OF images of the hydrogen flames are given.
This structure is not wrinkled much because the turbulence level is still low. However,
expanding unburned mixture generate vortices behind every baffle; consequently, vortices
interact with the flame front and distort it.

After passing the second baffle at 3.1 ms, the flame is accelerated and distorted even
more due to a strong interaction between vortices and the flame front. Finger-like flame
front shapes merge in the middle part of the chamber, resulting in lateral propagation
towards the walls.

The evolution of the turbulent flame is shown in Figure 7 in terms of the progress
variable. After ignition, the leading edge of the flame front starts to expand hemispherically
and elongates in the z direction. Upon reaching the first baffle plate, the hemispherical
laminar flame shape is distorted due to protrusion through the narrow vents and starts
to roll up; thus, turbulent combustion begins as the flame is compressed and expanded
in order to pass through obstacles. As the flame is distorted, the surface area of the
flame increases; therefore, more combustible mixture is consumed, and a higher flame
propagation velocity develops.

Turbulent structures are generated in the wake of each baffle, which are shown in
Figure 8. As it is presented, the intensity of vorticity increases with each obstruction as
the flame front propagates through; therefore, stronger vortices produce larger and faster
recirculation regions behind the subsequent obstructions, increasing the flame surface
and combustion rate. Vortices formed ahead of the flame front wrinkle the flame, thus
enhancing the transport of mass and heat and also disrupt the flame.

At 3.5 ms, the leading edge of the flame front reaches the last baffle, as presented in
Figures 6 and 7. The flame front forms finger-like shapes again. Nevertheless, this time,
fingers do not merge in the middle of the chamber; they are stretched and wrinkled due
to induced turbulence. The flame/vortex interaction is clearly seen in the last frame of
Figure 8, as the flame initially tries to propagate around the vortex but then is suddenly
drawn into the vortex core.
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Afterwards, the flame front reaches the square obstacle at 3.7 ms, and from that time,
the overpressure increases enormously (see Figure 4). After the flame fingers encounter the
square obstacle, they are directed around the obstacle and wrap around it at a very high
speed. Although the solid square obstacle does not induce turbulence as much as baffles,
it increases the blockage ratio and distorts the development of the flame front. When the
flame propagates through the last obstacle, the wrinkled flame front becomes reconnected
in the recirculation region, creating a pocket of unburned mixture behind the obstacle, a
feature of obstacle–flame interaction expected from the previous experimental work [38],
and then the flame spreads towards the chamber exit.

The mentioned/described flame shape evolution was also reproduced in LES stud-
ies [8,9,12,39,40], which means that URANS simulation prediction is adequate and it re-
solves turbulent flow structures. However, none of the LES studies described flame–vortex
interaction in detail.

Since the obstacles and vortical structures induced behind them wrinkle the flame and
disrupt front continuity, flame pockets consuming remaining unburned gases are formed
(visible in Figure 6 as well), a feature of flame and obstacle-induced turbulence interaction
confirmed by more detailed LES modelling in previous works [41–43]. At the same time,
the unburned mixture is trapped near the walls at various stages of combustion. Even at
the last shown moment in Figure 6 (t = 4.5 ms), there are several flame/unburned mixture
pockets alongside the walls. This could be due to the flame/vortex interaction, which
directs the flame front to the centre of the chamber, as well as decreasing flow rates and
turbulence towards the walls.

4. Conclusions

The research presented in this paper studied premixed hydrogen–air mixture flame
propagation in a small-scale combustion chamber. A custom-built turbulent combustion
solver, flameFoam, based on the progress variable model, was applied. According to the
numerical results, the solver can adequately reproduce pressure behaviour. The simulation
correctly predicted the maximum overpressure of 0.8 bar and its timing. The solver was
not able to predict a brief period of pressure stagnation, possibly due to missing support
for quenching simulation in flameFoam.

The performed simulation complement the available body of works related to valida-
tion of the URANS method application to simulation of the interaction between obstacle-
induced turbulence and flame. Relevant suitability and limitations of the flameFoam solver
also have been demonstrated.

Flame propagation investigation showed that vortices are formed behind every ob-
struction. The vorticity intensity increases with further obstacles as the flame front prop-
agates through them due to increased flow and flame velocities. Therefore, the positive
feedback loop is formed—with increasing velocities, the flame front is perturbed and
stretched by strengthening vortices, thus inducing turbulence as well as increasing burning
rate and flame propagation velocity. The flame/vortex interaction results not only in a wrin-
kled flame front but also the flame being pulled into vortices, consequently intensifying
the mixing of the unburned mixture (vortex core) and burned mixture.

Further validation of RANS/TFC simulations of a small chamber with different
obstacle configurations is required, including support for local quenching modelling.
It would be interesting to perform both RANS and LES simulations with equivalent
combustion models to see the actual extent of RANS limitations in given conditions.
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